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ABSTRACT

Previously, the stress acoustic constants (SAC s) of unidirectiona
graphi t e/ epoxy conposites were neasured to determ ne the nonlinear

modul i of this material. These measurenents were nmade under conpressive
loading in order to obtain the sufficient nunber of values needed to
cal cul ate these noduli. However, because their strength in tension al ong

fiber directions can be several times greater, nost composites are used
under tensile loading. Thus, it is inportant to characterize the
nonl i near properties of these materials in tension as well.

The SAC s which are defined as the slope of the normalized change in
ultrasonic "natural"” velocity as a function of stress were neasured in a
uni directional |amnate of T300/5208 graphite/epoxy. Tensile | oad was
applied along the fiber axis with the ultrasonic waves propagating
perpendi cular to the fiber direction. Changes in velocity were nmeasured
using a pul sed phase | ocked | oop ultrasonic interferometer with the
nom nal frequency of the ultrasonic waves being 2.25 Miz.

INTRODUCTION

The stress acoustic constant (SAC) as defined by Heyman [1] and
Cantrell [2] provides a nmeasure of a mxture of second and third order
el astic coefficients. This parameter thus provides information about
the nonlinear elasticity of a material which is useful in understanding
interatom c bonding forces in crystalline solids. The SAC also is
needed in ultrasonic evaluation of applied and residual stresses in a
material. Additionally, investigations have established a possible
rel ati onship between the SAC and ultimate strength in alum num[3] and
carbon steel [1].

Previ ous nmeasurenment of SAC s in conmposites were made under
conpressive stress [4]. Conpression was used so that neasurenents could
be made with the stress direction other than along the fiber direction
wi t hout premature failure of the sanple. These measurenents were
necessary to actually calculate the third order elastic nmoduli

However, since conposites are nost often used under tensile | oading
because of their high tensile strength along fiber directions, it is
i mportant to evaluate their properties under this node of loading. 1In
this research, the SAC s for |ongitudinal and shear waves propagating
perpendi cul ar to the fiber direction were nmeasured while tensile stress
was applied in the direction of the fibers.



THEORY

The "natural" ultrasonic velocity (W was defined by Thurston and
Brugger [5] as the velocity referred to the unstressed or natural state.
It is given by

Lo

W= —, (1)
t
where Lg is the specinen length in the unstressed state and t is the
tinme of flight of the ultrasonic wave. Since Lp is a constant, the
nornmal i zed change in "natural" velocity with respect to stress is given
by

AW At
- = . = 2
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The stress acoustic constant (H) is then given by
AW
W
H=—, (3)
Ao

where o is the applied stress.

Measurenents of this quantity were nmade using a pul sed phase | ocked
| oop (P2L2) ultrasonic interferoneter devel oped by Heynan [6]. The
basis of this instrunent, shown schematically in Figure 1, is a voltage
controlled oscillator (VCO. A portion of the signal fromthe VCOis
gated into a tone burst to excite the ultrasonic transducer. The
recei ved echo signal fromthe transducer is phase conpared with the
signal fromthe VCO at a presel ected phase point using an el ectronic
sanpl e and hol d device. The sanpled voltage is then used to drive the
VCO to a condition of quadrature. This causes the acoustic phase shift
(0), given by

0= 2nft , (4)
where f is the frequency, to be naintained as a constant. It can then
be shown that

Af At
A0 -0 ==+ = (5)
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and thus,
Af At AW
=T (6)
f t W

Therefore, by nonitoring the nornalized change of frequency of the
P2L2,the normalized change in "natural" velocity is determ ned which is
used to cal cul ated the SAC



EXPERIMENT

A tensile specimen was cut froma 50 ply unidirectional |aninate of
graphi te/ epoxy with nom nal dinensions of 28 cm along the fiber
direction (x3), 0.66 cm in the |am nae stacking direction (x7), and 2.5
cm in the remaining orthogonal direction (xp). The original |amnate

had been previously C scanned for defects and none were found to be
present. The cross sectional area used for stress cal cul ati ons was that
nmeasured at the center of the specinmen where the transducer was attached

and had a value of 1.677 +/- 0.004 cn?. Load was ranped in tension
along the fiber direction to a maxi num stress val ue of approxi mately 330
MPa at a rate of approximately 400 MPa/min.

The acoustic nmeasurenments were nmade using comerci al danped 2.25 MHz
transducers. A frequency counter nonitored the frequency of the P2L2
whi ch was recorded by a conputer which also read voltage values fromthe
load cell. The frequency and | oad voltage were neasured at one second
intervals during the load ranp. Followi ng the ranp to maxi num stress
and return to zero, the stress and nornalized frequency shifts were
pl otted and stored. Since the curves exhibited nonlinear (quadratic)
behavior, they were fitted using a quadratic |east squares routine. A
bl ock di agram of the apparatus used is shown in Figure 2.

Since variations in natural velocity are sensitive to tenperature
changes as well as stress, the sanple was insulated during the test in
an attenpt to naintain a constant tenperature. Follow ng any
di sturbance of the sanple and transducer, approxinately thirty m nutes
was allowed to settle the tenperature to equilibrium Also, to
determine the effects of bond thickness variations which sonetines can
be significant in these neasurenments, each SAC nmeasurenment was repeated
at least nine times with the transducer renoved and rebonded every third
nmeasur enent .

The shear wave SAC neasurenments were conpleted with transverse node
acoustic waves propagating along the xq direction. The direction of
pol ari zation was either along the fiber direction in which case the
measur enent was designated Hzq3 or along the x5 direction and

designated Hzqo. The data fromthe neasurenment of Hgqg is displayed in

Figure 3. The neasured points for all nine neasurenments are shown with
the quadratic | east squares fit displayed as the solid line. The
gquadratic fit parameters are shown in Table 1 along with the val ue
nmeasur ed under conpressive |oading. The values for the conpressive
SAC s for comparison are the negative of those presented in [4]. This
is to account for the fact that in both tests the stress was taken to be
positive. The data fromthis nmeasurement was the nost reproducible
which is to be expected as it is the one in which the |argest frequency
change occurs.

Measurenents of Hgqo are shown in Figure 4 with the fitted paranmeters

again displayed in Table 1. The data for this neasurenent were not as
reproduci bl e as shown by the scatter in the graph. The majority of the
nmeasurenents were within good agreenent. However, three of the

nmeasur enents which were taken in sequence foll ow ng rebondi ng of the
transducer did not exactly followthe trend. This may indicate that
there was a bond irregularity such as dust contanination in these three



measur enents.

Longi tudi nal SAC nmeasurenents were nade with the waves propagating
along the lam nate stacking direction (xq) with the polarization in the
sane direction. These nmeasurements were designated Hgqq and the data is

presented in Figure 5. The fit paraneters are shown in Table 1. These
nmeasur enents showed the worst reproducibility due to the small frequency
shifts exhibited. Again bonding variations contributed to the scatter
in the data

DISCUSSION

Al t hough the tensile SAC val ues of unidirectional graphite/epoxy do
not agree with those nmade under conpression to wthin experinenta
uncertainty, in each case the values were of the correct sign and agree
to within an order of nagnitude. There are a nunber of possible causes
to explain the discrepancy between the tensile and conpressive SAC
values. It may be due to sanple to sanple variation in materi al
properties as the specinen for each test were cut fromdifferent
| am nates. The difference in specinmen geonetry needed in an attenpt to
obtain pure tensile or conpressive |oading and the difference in the
nmet hod of applying the |oad may al so account for sone of the
di screpancy. It may also be due to differences in the material behavior
under conpressive and tensile |oading. Further experinentation with a
| arge nunmber of specinmen cut fromthe sanme and different [am nates is
needed to separate out these effects.

Anot her difference in the tensile neasurenents is the much higher
stress levels applied during the test. Because of the greater tensile
strength, these tests were carried out to higher |oads w thout damagi ng
t he speci men. Higher order elastic nonlinearities were manifested at
t hese hi gher stresses by the nonlinearity of the measured curves. This
caused the need for using a quadratic fit to determ ne the SAC val ues
but should not contribute to the discrepancy between conpressive and
tensil e val ues.

CONCLUSIONS

This study provides the first nmeasurenents of tensile SACs in
uni di rectional graphite/epoxy conmposite materials thus yielding further
i nformati on on the mechani cal behavior of fiber reinforced conposite
materials. These neasurenments nmay be useful in devel oping
nondestructive techni ques to nmonitor applied and residual stresses in
conposites. They may al so be hel pful in nondestructively determ ning
ot her inportant engineering properties such as ultimte strength and
fiber-matrix interfacial properties.
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Table 1
Tensil e SAC Conpr essi ve
Quadratic ., |v.intercept | (Linear Coef.) SAC [ 4]
Coef. (Pa ?) P 12 -1 12 -1
(x 10 " Pa ) |(x 10 ""Pa )
-21 -6
Ho3|-3.5x10° |-2.5 x 10 7| 10.99 +/- 0.01| 9.2 +/- 0.3
H - -6
312 [-2.1 x 10 4.6 x 10 -2.0 +/- 0.1 -2.8 +/- 0.1
H -21 -
311 -2.7 x 10 1.7 x 10 -0.39 +/- 0.07 |[-1.23 +/- 0.01




